Nitric oxide (NO) is a novel type of neurotransmitter that is closely associated with synaptic plasticity, learning and memory. In the present study, we assessed the effects of L-arginine and N ω -nitro-Larginine methylester (L-NAME, a nitric oxide synthase inhibitor) on learning and memory. Rats were assigned to three groups receiving intracerebroventricular injections of L-Arg (the NO precursor), L-NAME, or 0.9% NaCl (control), once daily for seven consecutive days. Twelve hours after the last injection, they underwent an electric shock-paired Y maze test. Twenty-four hours later, the rats' memory of the safe illuminated arm was tested. After that, the levels of NO and α7 nicotinic acetylcholine receptor (α7 nAChR) in the prefrontal cortex and hippocampus were assessed using an NO assay kit, and immunohistochemistry and Western blots, respectively. We found that, compared to controls, L-Arg-treated rats received fewer foot shocks and made fewer errors to reach the learning criterion, and made fewer errors during the memory-testing session. In contrast, L-NAME-treated rats received more foot shocks and made more errors than controls to reach the learning criterion, and made more errors during the memory-testing session. In parallel, NO content in the prefrontal cortex and hippocampus was higher in L-Arg-treated rats and lower in L-NAME rats, compared to controls. Similarly, α7 nAChR immunoreactivity and protein expression in the prefrontal cortex and hippocampus were higher in L-Arg-treated rats and lower in L-NAME rats, compared to controls. These results suggest that the modulation of NO content in the brain correlates with α7 nAChR distribution and expression in the prefrontal cortex and hippocampus, as well as with learning and memory performance in the Y-maze.
INTRODUCTION
Nitric oxide (NO), a soluble, short-lived, and freely diffusible gas, is a novel type of neurotransmitter that is closely associated with synaptic plasticity, learning and memory in the central nervous system [1, 2] . Acetylcholine (ACh),
another important chemical messenger in brain, also plays an essential role in mnemonic phenomena [3, 4] . Besides, the role of nicotinic ACh receptors (nAChRs) in cognitive function has been increasingly realized [5, 6] . So it is possible that there are links or interactions between the NOergic neuronal system and the cholinergic system in learning and memory.
It has been suggested that nAChRs play a role by affecting the NOergic neuronal system [7, 8] in learning and memory. For instance, the nitric oxide synthase (NOS) inhibitor N ω -nitro-L-arginine methylester (L-NAME) markedly impairs spontaneous alternation behavior and decreases the NO x level in the hippocampus; however, the cholinesterase inhibitor galantamine significantly attenuates this impairment and decreases NO X levels, while the nAChR antagonist mecamylamine reduces the protective effects of galantamine [9] . Hence it is proposed that the protection by galantamine against the L-NAME-induced impairment of spontaneous alternation behavior in the Y-maze task might be mediated mainly by NOergic activation via the related nAChR pathway. Under pathological conditions, increased α7 nAChRs also contribute to the enhancement of NO formation in astrocytes in the human hippocampus and entorhinal cortex [10] . A recent study using conditioned place preference revealed interactions between the nicotinic and NO systems [11] . For instance, inhibition of NOS by 7-nitroindazole inhibits the development of place preference [12] and behavioral sensitization induced by nicotine in the rat [13] . Some morphological studies further indicated that NOS is often co-localized with ACh in the vertebrate brain [14] . However, the effects of NO on the expression of nAChRs in the central nervous system and on learning and memory have seldom been reported.
The α7 nAChR, one of the most widespread nAChR subtypes in the brain [15] , has been shown to be involved in improving cognitive function and spatial learning [16, 17] .
It is prevalent in the hippocampus and cerebral cortex associated with learning and memory [18] . Studies have also
shown that the prefrontal cortex participates in identifying and temporarily maintaining spatial working memory [19] ; and the hippocampus is well known to be involved in learning and memory. The Y-maze is an apparatus that combines electrical and light stimulation to assess spontaneous alternation behavior and the ability of learning and memory [20, 21] .
In vivo, NO is synthesized from L-arginine (L-Arg)
by NOS. Here, we investigated the effects of multiple
L-NAME on NO content and α7 nAChR expression in prefrontal cortex and hippocampus, as well as on learning and memory in rats. 
MATERIALS AND METHODS

Animals and Treatments
Surgery and Model Construction
One week before experiments, polyethylene cannulae (PE-10, OD 0.6 mm, ID 0.3 mm; Anlai Technology Co., Ltd., Ningbo, China) were implanted under chloral hydrate analgesia (300 mg/kg, i.p.), referring to the Paxinos rat brain stereotaxic atlas [22] . Then the cranium was exposed and a cannula was implanted to the right lateral ventricle, 3.8 mm below the surface, 1.3 mm to the right of the sagittal suture, and 0.8 mm behind the coronal suture. The cannula was attached to the skull with dental cement. Then the rats were housed individually in standard plastic cages with sawdust bedding in a temperature-controlled room. Only animals exhibiting normal motor functions were used in further experiments. These animals were randomly divided into three groups (7/group). Two groups received i.c.v.
injection of L-Arg (0.5 μmol/day; L-Arg group) [23] or L-NAME (5 μmol/day; L-NAME group) [24] in 5 μL both for seven days, followed by 5 μL saline to flush the catheter. The same amount of normal saline was given as control (NS group).
Both drugs were diluted in physiological saline (0.9% w/ v). L-Arg (A5006) and L-NAME (N5751) were from Sigma Chemical Co. (Santa Clara, CA).
Behavioral Tests
The behavioral response of learning in a Y-maze task was [20, 21] , the rat was defined as having reached the learning criterion. The total number of stimulations to reach the criterion and the errors during training were recorded as the learning ability.
Memory of the Y-maze task was tested 24 h after training.
The procedure was identical with that on the previous day, except that the rat underwent a total of 30 foot stimulations, and the number of errors in the 30 stimulations was recorded as memory retention. After completion of the memory test, the rats were anesthetized with ether and the prefrontal cortex and hippocampus were located according to the rat brain atlas [22] , dissected and collected. The left hemisphere was used for immunohistochemistry and the right hemisphere for NO content assessment and Western blot analysis.
NO Determination
NO is an active gas in vivo, and can be rapidly converted to NO 2 -and NO 3 -, then NO 2 -is further converted to NO 3 -. We converted NO 3 -to NO 2 -specifically with nitrate reductase, and then determined the NO content as optical density 
Immunocytochemistry
The prefrontal cortex and hippocampus samples were 
Western Blot
The prefrontal cortex and hippocampus tissues were 
Statistical Analyses
All data are expressed as mean ± SD, and were analyzed with one-way analysis of variance (ANOVA), followed by post-hoc LSD tests using SPSS 16.0 software. P <0.05
was considered statistically significant.
RESULTS
Behavioral Responses
The three groups differed in the number of stimulations Compared with the control group, the numbers of stimulations and errors to reach the criterion as well as the number of errors in memory retrieval were significantly decreased in the L-Arg group, but increased in the L-NAME group (Table 1) .
NO Content
The three groups differed in the NO content of prefrontal cortex and hippocampus [prefrontal cortex: F(2,18) = 57.663, P <0.001; hippocampus: F(2,18) = 215.397, P < 0.001] ( Table 2) . Compared with the control group, the NO content was markedly increased in the L-Arg group in both areas (P <0.01) while in the L-NAME group, the NO content was decreased in both (P <0.01).
α7 nAChR-like Immunohistochemistry
α7 nAChR-LI neurons were present in every layer of the prefrontal cortex ( Fig. 2A ), CA1 and CA3 as well as the dentate gyrus of the hippocampus (Fig. 2B) group, while the numbers in the L-NAME group were less than in control ( Fig. 2 and Table 3 ).
Western Blot
The expression of α7 nAChR in prefrontal cortex and 0.02, both P <0.01) (Fig. 3) .
DISCUSSION
Previous studies have shown that nAChRs play a role in learning and memory by affecting the NOergic neuronal system [7] [8] [9] . In recent years, studies using conditioned place preference suggested interactions between the nicotinic and NO systems in mice [11] . However, no studies have shown that the NOergic neuronal system affects the cholinergic system or nAChRs and its effects on learning and memory.
Our results indicate that 7-day application of the NO showing that NO facilitates the release [14] and inhibits the reuptake of neurotransmitters [25] such as ACh. Both actions increase the availability of ACh in the synaptic cleft, which in turn may affect postsynaptic AChR modulation [26] . In addition, NO has neuroprotective effects by acting as a potent antioxidant or an inhibitor of apoptosis-related enzymes [27, 28] , and then could modulate the function and expression of α7 nAChR directly or indirectly. As noted, α7 nAChRs are thought to improve spatial learning and memory and neuronal plasticity [6, 29, 30] . Therefore, it is possible that some of the effects of NO on learning and memory are mediated through an increase of α7 nAChR expression.
In conclusion, our results suggest that multiple applications of the NO precursor L-Arg increased exogenous NO levels and promoted the expression of α7 nAChRs in the prefrontal cortex and hippocampus. Meanwhile, the learning and memory performance of rats was improved. However, multiple applications of the NOS inhibitor L-NAME reduced the production of endogenous NO, then inhibited the expression of α7 nAChRs, and weakened the performance in learning and memory.
Whether NO enhances learning and memory through the α7 nAChR mechanism needs further investigation.
